The performance of a free-space optical (FSO) communication system in a turbulent atmosphere employing an optical amplifier (OA) cascade to extend reach is investigated. Analysis of both single and cascaded OA FSO communication links is given and the implications of using both adaptive (to channel state) and non-adaptive decision threshold schemes are analysed. The benefits of amplifier saturation, for example in the form of effective scintillation reduction when a non-adaptive decision threshold scheme is utilized at the receiver for different atmospheric turbulence regimes, are presented. Monte Carlo simulation techniques are used to model the probability distributions of the optical signal power, noise and the average bit error rate (BER) due to scintillation for the cascade.
3 communication systems [2] . Unfortunately, the OA is not a perfect device as it generates optical noise in the form of amplified spontaneous emission (ASE). The ASE noise further generates beat noises known as spontaneous-spontaneous and signal-spontaneous beat noises [2, 3] . Naturally, the OA saturates at large input signals and gives reduced gain but, while it is not the usual mode of operation for an optical preamplifier, there is no fundamental reason not to operate optical preamplifiers in the saturation regime [18] and indeed this strategy may have advantages. The gain saturation process has been found useful for suppressing atmospherically induced scintillation in experimental work of Abtahi et al [17] and Ciaramella et al [19] . The ability of saturated OAs to suppress scintillation has also been theoretically shown by Yiannopoulos et al [15] and Boucouvalas et al [16] where they considered the effective fade probability. The nonlinear amplification property of a saturated semiconductor optical amplifier (SOA) was mentioned in [20] but since channel state information (CSI) was assumed known, the BER results obtained naturally were not able to show that suppressing scintillation in the absence of CSI was beneficial. The suppression of scintillation in a non-return-tozero (NRZ) on-off keying (OOK) FSO communication link using one or more saturated OAs is considered in this work. The BER, in the presence of ASE noise, is shown for various turbulence levels, all modelled with a gamma-gamma (GG) distribution, and different threshold setting schemes are analysed.
After this introductory part, the atmospheric turbulence model used to characterise the FSO link is described in section 2. Section 3 describes a single link optically preamplified FSO receiver model. Section 4 describes the optical signal to noise ratio (OSNR) and BER analysis for a cascaded OA FSO link. The results of the numerical analysis and Monte Carlo (MC) simulations for a single and cascaded OA FSO link are discussed in section 5. The cascaded OA FSO link is first considered from a general system perspective, and then specific system implementations are shown. Finally, a conclusion is provided in section 6. 4 
Channel statistics
Various probabilistic channel models representing the randomly varying signal intensity or channel loss have been used to describe atmospheric turbulence induced fading in the different turbulent regimes [1] . The GG distribution model is widely accepted for characterising the weak, moderate and strong turbulence conditions because results achieved match closely with experimental results [1, 9, 21] . The GG probability density function (pdf) is given as [1, 2, 6]   h has a mean value of 1, and in the turbulent free limit, this mean value is attained at all times. With a plane wave assumption at the receiver, the parameters  and  are defined as [2]     where  is the optical wavelength [2] . Note that the 5 weak, moderate, strong and saturated turbulence regimes can be described by
Single link optically preamplified FSO receiver model
Considering a direct detection scheme with NRZ-OOK modulation, an optically preamplified receiver model for a single link FSO communication system is shown in Fig. 1 . The receiving lens (which couples the laser beam through a fibre into the OA) is assumed to be perfectly aligned with the transmitting lens and an optical band pass filter (OBPF) is used to reduce the amplified spontaneous emission (ASE) noise produced by optical amplification [2] . q is the electronic charge,  is the quantum efficiency, h is the Planck constant and v is the frequency of the optical carrier is used for optical-to-electrical (O/E) conversion of the information-carrying signal followed by electrical amplification and filtering. A decision circuit (with a synchronisation subsystem) is then used to compare the received signal to a defined decision threshold and determine the transmitted data bit [2, 3] .
Decision thresholding schemes
In a non-turbulent link, an optimal decision threshold is realistically achievable for a particular received power. However, the use of a non-adaptive decision threshold is not optimal in a turbulent link due to fluctuations in the signal levels [22] . To achieve an optimal performance in a turbulent link, an adaptive decision threshold that can constantly track the noise and signal levels is required [22] ; which constantly tracks the variances and means of the bit level and updates the detection threshold thereby reducing the possibility of detection errors [22] .
Laboratory experiments have shown that practically implementing the adaptive decision threshold for a given receiver is very challenging and time consuming due to the measurement precision and circuitry constraints required [23] . As a result of this difficulty, FSO link designers often prefer to make use of a non-adaptive decision threshold (based on a long term average received power) and include a link margin large enough to accommodate the turbulence induced scintillation [8] .
Adaptive decision threshold
Now, considering a preamplified receiver system in a fading OOK FSO link where a Gaussian approximation (GA) is made for the noise in the received signal, the BER for a near optimal adaptive decision threshold, conditioned on t h , is given as [2] . OA is able to adjust its gain to new power levels by providing higher gains to lower input powers and lower gains to higher input powers thereby allowing for its use in scintillation suppression. This essentially instantaneous equalization property of the saturated OA results in more stable average output power (reduced fluctuations) and thus, an optical receiver with a non-adaptive decision threshold can be straightforwardly deployed when an optical preamplifier placed after the turbulent link can nevertheless be driven into saturation [15] . The optical signal power at the output of the OA is obtained as
Now, the non-adaptive decision threshold, assumed set to a long term average received power at the photodiode, can be obtained by statistically averaging   8 over the atmospheric turbulence pdf and it is obtained as
It is stressed that the treatment here is restricted to a single wavelength system. Multiple wavelengths constitute a natural further development of this work. Under such circumstances, assuming that an OA is not to favour particular wavelength channels systematically, it will be necessary to ensure gain flatness at least in the small signal regime. Furthermore to continue to benefit from the turbulence mitigation discussed in this single wavelength case whilst avoiding gain crosstalk it is necessary to ensure that individual channels saturate independently. This will be harder to achieve with an SOA (homogeneously broadened) than with an EDFA (inhomogeneously broadened). In choosing a gain flat EDFA for such a system (e.g. [25] [26] [27] ), it remains necessary to ensure the gain dynamics are fast enough to track atmospheric fluctuations. 
Single link BER analysis
The BER is the key performance attribute commonly used for FSO communication systems analysis [18] . By making a GA assumption for the noise, a BER, conditioned on the instantaneous loss (or gain) state of the turbulent channel t h , is given as [28] 
For a non-amplified receiver system, It is therefore necessary to determine the optical power and the ASE noise at each OA stage. When these two quantities are known, the optical signal to noise ratio (OSNR), which can be related to the BER [18] is then obtainable. Due to the random effect of atmospheric turbulence, analytical methods are stretched by multiple links when used. Therefore, Monte Carlo (MC) simulation techniques are 10 used here to model the cascaded OA FSO communication system. By using MC methods, random samples of the power fluctuation due to atmospheric turbulence can be determined for each section of the cascade and used to obtain the accumulated power, ASE noise and OSNR pdfs at each OA stage. Each interamplifier section is assumed statistically independent in its turbulence. For the first OA, (20) The ASE PSD at the output of the th i OA is given as
The total power at the output of the 
Results and Discussion
The parameters used for the numerical analysis and MC simulations are shown in Tables 1, 2 and 3.
The MC simulation allows the OA gain to respond freely, using complete saturation characteristic and incorporating the effect of ASE noise on the saturated operation. For the purpose of this analysis, an OA that can be driven into gain saturation ( all turbulence regimes. This shows that a fixed gain preamplifier can be used to improve receiver sensitivity but it cannot suppress scintillation. As mentioned in [15, 16] and shown in Fig. 3b and 3d, the BER performance of a saturated gain preamplified receiver reaches an optimal level when the power at the preamplifier input is comparable to its sat P value. For instance, the BER curve ( value would only be driven into gain saturation if the input power is also high. If a high input power is required to drive the preamplifier into gain saturation, the power at the preamplifier output may have to be reduced (i.e. by introducing an optical fibre and additional attenuation) before it arrives at the receiver because high powers can eventually overload the receiver.
Alternatively, preamplifier gain saturation can be achieved with a low power if the sat P value of the preamplifier is also low thereby avoiding the possibility of overloading the receiver.
To summarize, in a turbulent atmosphere, amplifier saturation does not improve receiver sensitivity when an adaptive decision threshold is used at the receiver. This is because the adaptive threshold mitigates the scintillation impact, leaving saturation to be a signal power impairment. Saturation is primarily helpful in the preamplifier when a (less complex) non-adaptive decision threshold is used at the receiver. This threshold benefits from a stable input power to the photodiode caused by saturation providing higher gains to lower amplifier input powers and lower gains to higher amplifier input powers. Thus the argument for introducing a saturated amplifier, versus having no amplifier at all, is that the saturation mitigates the significant sensitivity impairment caused by the atmospheric scintillations. It also shows improvement when compared to an otherwise identical non-saturating amplifier since a saturated amplifier is able to provide some scintillation suppression.
Cascaded OA FSO Link
The parameters required for the design of each interamplifier section of a cascaded OA FSO link are shown in Table 2 . Since all these design parameters can be represented by the into a variety of practical realizations. Therefore, for each interamplifier section of the cascaded OA FSO link, a general system perspective is taken and how a specific implementation will achieve the fixed parameters is not specified. This should inform understanding of section 5.2.1. However, the mapping is then performed in section 5.2.2 by defining specific values for the physical design parameters. Fig. 5a and 5b, the BER curves for the fixed and saturated gain OA cascades are shown to converge after the 9 th OA position because since 
Specific System Implementation
As earlier mentioned in section 5.2 and shown in The BER curves in Fig. 8 shows the possibility of extending reach in FSO communication systems
with an OA cascade while assuming the use of the design parameters in Table 3 . In Fig. 8a where an adaptive decision threshold is used in design A, a BER of 10 
10
 is achievable at an overall distance ) at a distance of 5km. Ultimately, the overall BER performance can be improved by using an OA with a higher small signal gain value or reducing the distance of each interamplifier section of the cascaded OA FSO link.
Conclusion
This paper examines the performance of a FSO communication system in a turbulent atmosphere employing an OA cascade to extend reach by applying numerical and MC simulation techniques.
Performance modelling in the presence of ASE noise is shown. The use of a saturated gain OA at the receiver is investigated and the BER results obtained for the single and cascaded OA FSO links show its ability to suppress scintillation when CSI is not known and a non-adaptive decision threshold is used. The presented results also show that an OA cascade can be successfully used to extend reach in FSO communication systems. Even though the results presented show that the performance of an adaptive decision threshold is superior to a non-adaptive decision threshold (especially in higher turbulence regimes) for both saturated and fixed gain preamplified receivers, its practical implementation is far more complicated and costly. It has also been shown that in a turbulent 22 atmosphere, saturation is primarily helpful in the preamplifier when a non-adaptive decision threshold is used at the receiver. Therefore the use of a non-adaptive decision threshold with a saturated gain preamplified receiver is recommended for scintillation suppression in FSO communication systems since good performance is achievable without the need of further complexity in the circuitry and processing.
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